This paper presents a novel control architecture for humanoid robot RH-2. The main objective is that a robot can perform different tasks in collaboration with humans in working environments. In order to achieve this goal, two control loops have to be defined. The outer loop, called collaborative control loop, is devoted to the generation of stable motion patterns for a robot, given a specific manipulation task. The inner loop, called posture stability control loop, acts to guarantee the stability of humanoid for different poses determined by motion patterns. A case study is presented in order to show the effectiveness of the proposed control architecture.
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Introduction
In real life, the use of robots in typical human environments could be really profitable, especially in tasks that robots can perform in collaboration with human beings. When robots have to collaborate with humans, their interaction capabilities become really important, even if not sufficient.
Many research efforts have been concentrated on modalities of the interaction between these two agents (i.e. dialogue, joint solution of problems, etc). 1 A human can interact with a robot using different tools, such as a Personal Digital Assistant (PDA) system or a joystick. 2 A coordinated task between a human and a mobile manipulator has been analyzed by Yamamoto et al. , 3 where the mobile manipulator follows the trajectory while executing a task together with a human. Of course, the main issue in the human-robot physical interaction is the whole-body control problem under several constraints and obstacles, already extensively presented in literature. 4, 5 The human-robot collaboration has a common framework with respect to human-robot interaction: It is important that the robot partner perceives human intentions or goals in order to achieve a common objective. 6 In order to reason human intentions during a collaborative task (such as collaborative transportation or assembly), sensorial system of a robot should be integrated. Information coming from this system becomes an input to the control algorithm, which allows to carry out the collaborative task or joint manipulation while maintaining the whole system stable. First of all, stable motion patterns must be generated from the information of the sensorial system. Then a pose control is needed to guarantee the stability of humanoid for different poses determined by motion patterns. For the generation of stable motion patterns, the Generalized Inverted Kinematics (GIK) introduced by Nakamura et al. 7 to control redundant robots is widely used in humanoid robotics, 8, 9 as well as its counterpart in the force domain, the Operational Space approach. 10 Based on the notion of task, 11 priority between tasks is introduced by projecting the tasks with lower priority in the kernel of tasks having a higher priority. The work by Nakamura et al. 7 has been extended by Siciliano et al. 12 to an iterative scheme that allows the determination of joint angles of robot for the execution of a task while accomplishing one or several lower priority subtasks.
In this paper, and based on Siciliano et al.'s 13 approach, we present a solution to a human-robot collaboration case like the one shown in Fig. 1 .
The control architecture proposed has been tested using the model of humanoid robot RH-2. This robot, currently in designing process, is an advanced version of RH-1 (Fig. 2) , a prototype totally developed by the research team Robotics Lab in the University Carlos III of Madrid, Spain.
One of the main improvements to RH-2 with respect to its predecessor is the design of ankle. Ankle is fundamental when dealing with walking actions and stability. A picture of ankle's first prototype is shown in Fig. 3 . The whole structure acts as an inverted pendulum with a tip mass concentrated at robot's center of mass (COM).
Humanoid gait is often modeled with various versions of inverted pendulum, such as 2D and 3D linear inverted pendulums (LIP), 14, 15 the cart-table model,  16 the variable  impedance LIP,  17 the spring-loaded inverted pendulum,   18 and the angular momentum pendulum model (AMPM). 19, 20 These reduced biped models have been very beneficial in the analysis and control of human and humanoid gait. The inverted pendulum models allow us to ignore movements of individual limbs of a humanoid and instead focus on one point of fundamental importance: robot's COM. The model of inverted pendulum used in this work is discussed later. The paper is organized as follows. Section 2 shows the proposed global control architecture, including both collaborative (joint manipulation) and posture stability control loops. Section 3 deals with the collaborative control scheme, proposing a kinematic model of arms and a joint manipulation scheme. A case study with simulation results is also presented in this section. The posture stability control is aimed in Section 4, using a simplified model of RH-2 dynamics based on single inverted pendulum. Simulation results are also given. Finally, some conclusions and future works are drawn in Section 5.
Control Architecture for RH-2
The novel control scheme proposed in this paper is the one shown in Fig. 4 , where two different control loops are considered: (a) collaborative control loop, and (b) posture stability control loop.
Given a task, there are different patterns for arms and legs in order to generate a stable pose for robot. The main function of the collaborative control loop is to ensure that these motion patterns are stable and achievable by the robot during joint manipulation. The kinematic model of the robot is needed for that purpose. In an inner loop, a posture control is needed to guarantee stability of a humanoid for different postures determined by motion patterns. In this case, a dynamic model of a robot must be used. The posture must be controlled in real-time through information from encoders of servomotors, since the forces caused by object and man during the activity may undermine system's stability.
Several models can be used in order to achieve stability. Some of these are based on the measurement of Zero Moment Point (ZMP), a point with respect to which the dynamic reaction force at the contact of foot with ground does not produce any moment, i.e., a point where total inertia force is equal to 0. For instance, it is possible to evaluate ZMP and correct the pose online using the force/torque sensors present in the feet. Possible ways of correcting the pose are the compensation of waist position and adjustment of leg joints. Eventually, it is also possible to regulate the position of feet (in case of rough terrain or inevitable errors in the position of feet) and gait velocity. 21, 22 The ZMP measurement is also important for the quasi online estimation of ZMP evolution. If master's intentions are known in advance, a correct pattern can be chosen for arms and legs. Therefore, using, for instance, space and time prediction, it is possible to calculate the next probable ZMP position in order to select a better walking pattern. A possible approach, proposed in ref. [23] , is based on an active humanrobot cooperation system based on intention recognition, using the hidden Markov model. However, these solutions come into great algorithm complexities, which makes their use very difficult in real situations.
In this paper, the research is focused on collaborative and posture loops. 
Collaborative Control Loop
In this section, a solution is given for the problem of achieving a joint transportation of an object between a human and a robot.
In this line, Khatib et al. 4 proposed a solution using a taskoriented framework for whole-robot dynamic coordination and control. However, in order to simplify the computational complexity of this algorithm, we propose to study the joint transportation by modeling robot arms and object to be transported as a closed chain. A kinematic model of RH-2 robot has been derived giving the possibility of moving two arms according to a desired trajectory.
Model of robot arms
While for open-chain manipulators the classical problem is to calculate joint angles and velocities for a given trajectory for an end-effector, in closed-chain manipulators the solution must be calculated considering as a main constraint that the object to manipulate must be supported.
In fact, as shown in Fig. 5 , which represents the arms of humanoid robot RH-2 in a schematic way, the closed chain has been cut in the middle of the bar, which becomes the endeffector. The whole kinematics will be solved by calculating each arm's kinematics and imposing the following conditions for a common end-effector:
• Same position with respect to the origin.
• Same orientation with respect to the origin.
The RH-2 arms present several limitations related to robot mechanics. 2, 24 Each arm has only four joints and two arms share a common neck joint. The idea behind this work is to add two virtual prismatic joints. These two joints resume the kinematics of robot legs in such a way that they become a reference for COM.
Locomotion and manipulation coordination
The concept of "task priority" was introduced by Nakamura et al. 25 This concept applies to redundant robot manipulators, where the inverse kinematic problem has to be solved. In fact, by using pseudo-inverse of the Jacobian matrix, it is possible to determine joint angles of a robot for the execution of a task, while accomplishing one or several lower-priority subtasks. 13 In a previous work, 2, 24 we have demonstrated the possibility of using such a tool in order to find a solution of RH-2 arms in a closed kinematic chain. However, using this solution it is not possible to specify the desired orientation to be followed. The drawback of such a model is that only structure of humanoid arms is considered in the problem of joint manipulation.
The RH-2 arms present 9-degree-of-freedom (DOF), which would not be sufficient for specifying 12-DOF required for carrying out the chain and specifying position and orientation of the end-effector. Here the use of virtual joints will permit to specify the desired trajectory and orientation for a closed kinematic chain associated to humanoid arms. The two virtual prismatic joints resume the kinematics of robot legs. By using simple transformation techniques, it is possible to use the solution of inverse kinematics as a reference to mobile legged part.
Being x r and x l the position and orientation of right and left arms, respectively, the solutions q r and q l referring to joint angles must be found.
The tasks to be implemented are as follows:
• Task 1: The end-effector of right and left arms should coincide in position and orientation.
• Task 2: The end-effector must follow the desired trajectory.
The first task can be written aṡ
where J r and J l are the Jacobian matrices of right and left arms, respectively, andq r andq l are joint velocities. Now consider that each arm is constituted of a part that is shared with another arm (i.e., COM of virtual joints and neck joint) and a distinctive part. Denoting the common part asq C and the distinctive parts of each arm asq R andq L , it is possible to rewrite Eq. (1) aṡ
where J C is a 6 × 3 matrix, and J R and J L are two 6 × 4 matrices related to common and distinctive parts, respectively. It is possible to write the objectives in the following way:
• Task 1:
• Task 2:ė 2 =ẋ r = J CqC + J RqR .
Writing the tasks in a conventional way, that is,
Equation (3) can be written in a matrix form as follows: In the most general case, matrix J in Eq. (3) is composed by two 6 × 11 matrices. This means that under this assumption and using 6-DOF for the closed kinematic chain, it is possible to specify the end-effector's position and two orientations.
Case study
When the task to be achieved is a joint transportation, the following assumption can be done: The robot and human will move in the same horizontal plane parallel to ground at height z. In such conditions, only the orientation along z 0 -axis needs to be specified for the end effector, together with the position in three directions. Such a situation is shown in Fig. 6 . Under these assumptions, the Jacobian J turns into a 10 × 11 matrix:q
whereṗ d and ω z,d are the derivatives of the desired position and orientation (along z-axis) of the end effector, respectively. In Eq. (5), the notation J † is used to denote the right pseudo-inverse matrix of J.
Since the manipulator is redundant, the following solution for inverse kinematics has been used:
whereq 0 is an homogeneous solution. For the given manipulator posture, the null space of J is the subspace of joint velocities that do not produce any end-effector velocity.
It is possible to show that this subspace is non-null for a redundant manipulator. In fact, ifq * is a solution for Eq. (3), then the joint velocity vectorq =q * + I − J † J q 0 will be a solution for anyq 0 . In this framework, the internal solution will be chosen to deviate from mechanical joint limits.
The task vector e is defined as where e p,i and e O,i denote the position and orientation tasks, respectively, being referred to by subscript i and defined as
The skew-symmetric matrix S has been introduced:
The orientation error has been calculated based on the unit quaternion, 26 defined as Q = {η, ε}, where
r being the unit vector of a rotation axis. For i = 1, the desired position is x d,1 = 0 and the desired quaternion is Q d,1 = {1, 0}:
where ε 1 is the vector part of the quaternion related to matrix R r R l −1, which depends on the matrices giving reference of the end-effector for both arms. The algorithm presented here has been implemented using Simulink R . It has been used to test different situations and some results are presented in Figs. 7-11.
As can be observed, abrupt changes in velocities that characterized our previous work 2, 24 have been solved with the introduction of virtual joints.
It is also clear that the main constraint in a robot (closedloop chain) has been solved successfully as shown in Fig. 11 , and that the position and orientation errors with respect to the desired trajectory are negligible.
Considerations on mechanical structure
From this study, it is clear that 9-DOF would not be sufficient for a whole definition of a trajectory in position and orientation: at least one yaw joint is needed in each arm and a pitch in the trunk. 27 Only this way requirements for holding the object and establishing position and orientation of the end-effector could be fulfilled. This consideration has become an input for the realization of a new RH-2 platform. Moreover, by adding these DOF, increase in the arms workspace is also evident as depicted in Fig. 12. 
Posture Stability Control
Once the stable patterns required for the task execution are obtained, the following step is to guarantee the stability of the robot pose during the whole task. That is, the COM position demanded by the collaborative control loop must be achieved so that the task can be performed in a stable way. For that purpose, the posture stability control loop is introduced, as will be explained next. New approach on human-robot collaboration with humanoid robot RH-2 
Model of single inverted pendulum
In a very simplified way, the dynamic model of humanoid robot RH-2 can be considered similar to that of the inverted pendulum given in Fig. 13 .
The similarity is established under the following assumptions. The mass of humanoid (m) is concentrated at its COM (tip of the pendulum), which is at a distance l from the floor. The mass of the rigid link is then considered negligible. Besides, the action (torque T) that allows the mass m to move a specific angle θ at speedθ (movement of COM during walking action) is effected by a servomotor (ankle of humanoid robot) fixed at the end of the link (floor). This servomotor performs the control action to ensure stability of the system during the walking action.
It is clear that this model is not complex enough to model the whole dynamics of humanoid robot and to consider its nonlinearities. However, as can be checked in recent literature, 21, 28, 29 it gives very good results, even experimentally, as a first approximation. As an improvement to this model, we are currently obtaining first results by modeling RH-2 robot as a double inverted pendulum. 30, 31 To write the equation of motion of the pendulum, 32 let us identify the forces acting on the tip. There is a downward gravitational force equal to mg, where g is the acceleration due to gravity. There is also a frictional force resisting the motion, which we assume to be proportional to the speed of the tip with a friction coefficient k.
Using Newton's second law of motion, we can write the equation of motion in the tangential direction as
Writing the equation of motion in this direction has the advantage that the link tension, which is in the normal direction, does not appear in the equation. In order to obtain a state model for the pendulum, let us take the state variables as x 1 = θ and x 2 =θ. Then, the state equations arė
From the physical description of the pendulum it is clear that it has only two equilibrium positions corresponding to the equilibrium points (0, 0) and (π, 0). Physically, we can see that these two positions are quite distinct from each other. While the pendulum can indeed rest at the (0, 0) equilibrium point, it can be hardly maintained at the (π, 0) point because infinitesimally small disturbance from that equilibrium will take the pendulum away. The difference between the two equilibrium points is in their stability properties.
Another version of the pendulum equations arises if we can apply a torque T to it. This torque is viewed in our case as a control input in equatioṅ
The COM control problem
Scheme for the COM control (inverted pendulum) is given in Fig. 14 .
The purpose is to control the COM position θ through the action of a servomotor M(s) that gives the appropriate torque at each moment in order to follow the position reference θ ref given by the collaborative control loop (see Fig. 7 ).
Before introducing this control strategy, it is important to remark the following aspects:
(1) For our previous prototype of humanoid robot RH-1, the walking action is achieved in an open loop. That is, given the walking patterns for each motor (joint), they follow these patterns in an open loop. This type of control allows RH-1 to walk correctly (take a complete step) in the absence of disturbances, and under the assumption that the motors have been correctly modeled (minor model uncertainties or mismatches). For instance, Fig. 15 shows the walking patterns and the experimental outputs of ankle joints (roll and pitch) involved in a walking action. As observed, robot can take a step in open loop with minor errors 24 (see this bibliography reference to check different walking experiments). (2) In this work, and as a first approach, we will control in open loop the position of the COM demanded by the collaborative control loop, using the scheme in Fig. 14 .
For this purpose, we will use an innovative ankle actuator designed for our new prototype RH-2, whose picture is given in Fig. 3 . We assume that the experimental ankle + link set is rigid (no joint looseness) and so (θ − θ r ) → 0. Therefore, the experimental transfer function of ankle actuator will be used as a whole (motor+link) reference model for our simulation control scheme. This implies that the dynamics of the link is canceled in this control strategy.
Once this first approach is achieved, the efforts will be devoted to the control of the system in closed loop so that it can be robust to disturbances and model mismatches. 
The COM control strategy
The first step is to obtain the experimental transfer function of the ankle actuator using conventional identification techniques. In our case, it is given by This transfer function is the same for two actuators in the ankle, one in the sagittal plane, and another in the frontal plane (two identical pendulum systems), and will be used as the reference model in our control strategy.
According to the assumptions stated above, the control problem in an open loop must be solved so that the output of the link θ follows the reference θ ref (see Fig. 14) . Besides, in our scheme (θ r − θ ref ) → 0, since the motor associated to the link is able to follow the reference with a negligible error. It means that the dynamics of the link is canceled in this strategy. In fact, we are looking for the control action T that allows this fact. To achieve this, the model matching technique 33 is used, based on the input-output linearization of the system. Equations obtained from the application of this technique are presented next:
Therefore, the direct relation between the input and output of the system is given bÿ
with u = T and y = θ. 
so thatÿ = ν (from Eq. (19)). Choosing
it is obtained thatÿ
The value of a is selected by trial-error process in order to obtain the minimum tracking error.
Once we have obtained a simulation model that matches the experimental behavior of the motor + link set in open loop, we are currently working on the improvement of the control strategy, closing the loop and addressing robustness issues regarding disturbances and model mismatches (only achievable in closed loop).
Simulation results
The COM control system described in the previous section has been implemented in Simulink R considering the model of the single inverted pendulum applied to robot and the experimental model M(s) of ankle actuator (used as a reference model). The parameters of the system are m = 50 kg, l = 1 m, g = 9.8 m/s 2 , k = 0.1, and a = 0.1. We are going to consider the desired COM position from the case study presented in Section 3.3, and shown in Fig. 7 . For the compensation in both sagittal and frontal planes, two equal pendulum systems are considered.
The starting equilibrium point is (π, 0), which corresponds to a 0 m displacement ( ) along the floor plane. We can observe that the COM displacements demanded by the manipulation task are smaller than 7 cm in both planes. Taking into account that the COM is at 1 m from the floor ( = 1 sin(θ) from Fig. 13 ), we can assume that its movements are very constrained to the equilibrium point ( θ for θ 0 around the upright position), with negligible variations.
Therefore, the inputs to the control system in open loop will be two reference signals of value π (one for each plane). In Fig. 16 this reference are presented. As can be observed, the control strategy allows the tip to keep in the equilibrium point (π, 0).
Conclusions and Future Works
A control architecture for human-robot cooperation in collaborative environments has been presented. The different control loops, collaborative and posture ones, have been analyzed and simulated for the case of humanoid robot RH-2.
A closed-chain solution for RH-2 arms supporting an object has been proposed using the powerful instrument of the Jacobian matrix. The posture stability has also been achieved by using the model of the single inverted pendulum and controlling robot's ankle. The case study considered validates the whole control architecture.
A further research will focus on the posture control in closed loop to improve the system's performance. Besides, a study on the addition of new DOF in the robot structure is being carried out in order to improve the manipulation tasks.
